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ABSTRACT 

We describe a scenario for the sunspot magnetic field topology that may ac- 
count for recent observations of upflows and downflows in penumbrae. According 
to our conjecture, short narrow magnetic loops fill the penumbral volume. Flows 
along these field lines are responsible for both the Evershed effect and the con- 
vective transport. This scenario seems to be qualitatively consistent with most 
existing observations, including the dark cores in penumbral filaments reported 
by Scharmer et al. Each bright filament with dark core would be a system of 
two paired convective rolls with the dark core tracing the lane where the plasma 
sinks down. The magnetic loops would have a hot footpoint in one of the bright 
filament and a cold footpoint in the dark core. The scenario also fits in most of 
our theoretical prejudices (siphon fiows along field lines, presence of overturning 
convection, drag of field lines by downdrafts, etc). If the conjecture turns out 
to be correct, the mild upward and downward velocities observed in penumbrae 
must increase upon improvement of the current spatial resolution. This and other 
observational tests to support or disprove the proposed scenario are put forward. 

Subject headings: convection - Sun: magnetic fields - sunspot 



1. Introduction 

The spectral line asymmetries observed in sunspots may arise from small scale variations 
of the sunspot magnetic field. When the size of the inhomogeneities is sm all enough several of 



them are integrated along any line-of-sight, thus generating asymmetries (jSanchez Almeida et al 
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19961 ). In this picture the large scale variation of the sunspot magnetic field determines the 
symmetric part of the line shapes whereas the optically-thin micro-structure yields asymme- 
tries. 

Using this MISMaEI framework. JSanchez Almeidal (120051 . hereinafter SA05) carries out 
a systematic fit of all Stokes profile^ of Fe I A6302.5 A and Fe I A6302.5 A observed with 
fair angular resolution (~1") in a region with a medium size sunspot (radius 17 Mm). Some 
10130 independent fits allow to characterize the sunspot magnetic field. The resulting semi- 
empirical model sunspot provides both the large scale magnetic structure as well as the small 
scale properties of the micro- structure. As far as the large scale p roperties is concerned, the 



sunspot magnetic field a g rees with previou s measurements (e.g.. iBeckers fc Schroterl Il969 
Lites &: SkumanichI Il990l : iLites et al.l Il993l ). A roughly vertical umbral magnetic field be- 
comes progressively more inclined toward the sunspot border, where it approaches the hor- 
izontal. Mass fiows are absent in the umbra. They appear in the penumbra and increase 
toward the penumbral border. On top of the regular expected large scale behavior, the in- 
ferred small scale structure of the magnetic fields and fiows is new and unexpected. Some 
40% of the magnetic field lines bend over and return to the photosphere within the penum- 
bra. This return of magnetic fiux and mass toward the solar interior occurs throughout 
the penumbra, as opposed to previous claims of bending oyer and return at the penum bral 



border or beyond (jRimmelelll995l : IWestendorp Plaza et al.lll997l : iTritschler et al 



20041 ). 



Counter-intuitive as it may be, having field lines pointing up and down all over the 
penumbra does not seem to confiict with existing observations. They have not been inferred 
before because the upfiows and downfiows and the positive and negative polarities coexist 
in scales smaller than the typical resolution elements (1")- Most measurements assume 
resolution element with uniform properties, and the mean values thus derived tend to show 
upward pointing magnetic field lines. These measurements often present serio us problems 



of sel f consistency (e.g., non-parallelism between ma gnetic field lines and fio ws, lArena et al. 



1990l : violation of the conservation of magnetic fiux, ISanchez Almeidalll998l : non-parallelism 
between continuum filaments and magnetic field lines, lKalmarull99ll ). On the other hand, the 
existence of field lines that bend over and return does not clash with any theoretical prejudice 
Rather, such pattern of motions is expected from first principles (e.g., 
and §12]). 



Hurlburt et all 2000 



The acronym MISMA stands for Micro-Structured Magnetic Atmosphere, and it was coined by 



Sanchez Almeida et ahl (jl996r ) to describe magnetic atmospheres having optically-thin substructure. 



^We use Stokes parameters to characterize the polarization of a spectral line; / for the intensity, Q and 
V for the two independent types of linear polarization, and V for the circular polarization. The so-called 
Stokes profiles are the set of these Stokes parameters versus wavelength for a particular spectral line. 
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This paper completes and complements SA05. The existence of an ubiquitous return of 
magnetic flux, together with many results from the literature, are assembled to offer a plau- 
sible scenario for the penumbral magnetic field topology. Such exercise to piece together and 
synthesize information from different sources is confessedly speculative. We will not provide 
a self-consistent MHD model for the penumbral structure. However, the exercise is needed. 
First, it explains how the results in SA05 are qualitatively consistent with most existing 
observations. Second, the scenario may inspire MHD numerical modeling with reasonable 
chances of reproducing the existing observations. Finally, despite the amount of papers on 
penumbrae, our understanding of the penumbral phenomenon is far from satisfactory. We 
offer a solution with an alternative twist. Even if the proposal turns out to be incorrect, 
it would stir a debate with a few novel ingredients which may eventually be important to 
understand the true penumbral structure. 

We begin by summarizing several results on the penumbral structure used to set up 
the stage (§ [2]). The scenario is put forward in § |3l and its predictions are qualitatively 
compared with observations in § HI Similarities and differences between this scenario and 
existing models for the penumbral structure and the Evershed flow are analyzed in § |5l 
Finally, we suggest several observational tests to confirm or disprove our conjecture (§E])- 



2. Commented references on the penumbral structure 



The bibliography on the magnetic structure of penumbrae is too ext ensive to quot 



We refrain from giving a n overvi e w of t he field and refer to r ecent reviews: ISchmidtl ( 1l99ll ) ; 
Thomas fc WeisslJl992h : rSolankilJ2003h : lBellot Rub"iolJ2004h : Ehomas fc WeisslJ2004h . Only 
a few selected references are introduced and discussed to provide the framework of our work. 
They are either complementary to the SA05 findings or of direct relevance to our interpre- 
tation. Most of them are observational results but some involve theoretical arguments. The 
selection is obviously biased in the sense that some observations often bypassed are empha- 
sized here, and vice versa. However, to the best of our knowledge, no potentially important 
result has been excluded. 



1. The best penumbral images have an angular resolution of the order 0'.'12 (or 90 km 
on the Sun). They show many features at the resolution limit implying the existence 
of unresolved structure. For example, the power spectrum of the penumbral images 



■^The NASA Astrophysics Data System provides about one thousand papers under the keyword penumbra. 
Sixty of them were published during the last year. 
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have power up to the instrumental cutoff (IRouppe van der Voort et al.ll2004l ). and tlie 
widtfi of tfie narrower penumbral filaments is set by tlie resolution of tlie observation 
(IScfiarmer et al.l 120021 : see also Fig. [T]). This interpretation of the current observations 
should not be misunderstood. The penumbrae have structures of all sizes starting with 
the penumbra as a whole. However, the observations show that much of its observed 
structure is at the resolution set by the present technical limitations and, therefore, it 
is expected to be unresolved. 



2. The best penumbral images show dark cores in sunspot penumbral filaments ( IScharmer et al 



2OO2I ). We prefer to describe them as dark filaments surrounded by bright plasma. This 
description also provides a fair account of the actual observation (see Fig. [2]), but it 
emphasizes the role of the dark core. Actually, dark cores without a bright side are 
common, and the cores seldom emanate from a bright point (Fig. [2]). The widths of 
the dark core and its bright boundaries remain unresolved, although the set formed by 
a dark core sandwiched between two bright filaments spans some 150-180 km across. 



bright features are blueshifted with respect to the dark features ( 


Beckers & Sc 


iroter 


1969; 


Sanchez Almeida et al.lll993: 


Johannesson 


1993; 


Schmidt & Schlichenmaier 


2000) 



The same correlation e xist both in the limb- s ide pe numbra and the center side penum- 
bra, a fact invoked by iBeckers fc Schroterl (119691 ) to conclude that vertical motions 
rather than horizontal were responsible for the correlation. A positive correlation be- 
tween vertical velocity and intensity is characteristic of the non-magnetic granulation. 
The fact that the same correlation is also present in penumbrae is suggestive of a 
common origin for the two phenomena, namely, convection. 

4. At a constant distance from the sunspot center, the limb-side penumbra and center-side 
penumbra are darker than the rest of the penumbra. This obse rvational effect iridicat es 
that the bright features are more opaque than the dark ones (jSchmidt &: Fritzll2004j ). 



5. Light bridges (LB) are often fo r med b y a dark filament surrounded by chains of BPs. 
See, e.g.. Fig. 6 in iLites et al.l (120041 ). The arrangement resembles the dark cores in 
penumbral filaments (compare the two features in Fig. [3]). The (low spatial resolution) 
magnetic field vector in LBs is also simil ar to that in penumbrae. It tends to be weak, 
horizontal, and aligned along the bridge jLeka"l997'). LBs present a positive correlation 
between upflows and brightness (lRimmeleiil997i) . as penumbrae do (item # ED . More- 
over, the bright points surrounding the dark channel seems to be elevated (ILites et al. 



2OO4J ) , as the bright penumbral filaments (item ^ H]) . 
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Fig. 1. — Small fraction of the penumbra observed by IScharmer et al.l (|2002| ). Note the 
narrowness of the filaments, and their large aspect ratio (length over width). The spatial 
scales are in Mm, and the angular resolution of the image is of the order of 0.09 Mm. 
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Fig. 2. — Time evolu tion of one of the dark cores in penumbral filaments discovered by 



Scharmer et al.l (120021 ) . (The UT of observation is marked on top of each snapshot.) Note 



that one of the bright sides is partly missing in (c) and (d). Note also that the bright points 
are not on the dark filament but in a side. These two properties are common. The arrow 
indicates the emergence of a new bright point in a side of the pre-existing dark filament. 
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Fig. 3. — Light bridge (LB) showing a dark channel surrounded by two bright filaments. It 
looks like a scaled up version of the dark cores found in penumbrae (se e the one marked with 
PF). Image obtained with the Swedish Vacuum Solar Tower (SVST; IScharmer et al.lll985l ) 
equipped with adaptive optics and frame selection. 
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6. There is a local correlation between the magnetic field inclination and horiz ontal veloc- 



ity. The largest velocities are associated with the more horizontal fields (e.g. lTitle et al. 



19931 : IStanchfield et al.lll997f ) 



7. The l arge horizontal na otions occur in the dark penumbral filaments (e.g. iRiiedi et al. 



19991 : IPenn et all 120031 ). 



The observations on the correlation between magnetic field strength and brightness 
are contradictory. Some authors find the strongest field streng ths associated with 



the d arkest regions and vice versa (c.f., iBeckers fc Schroterlll969l and iHofmann et al. 



19941 ). However, the condition of mechanical balance between a hot component and 
a cold component favors a positive correlation, i.e., strongest fields occurring in the 
darkest (coldest) regions. One expects a deficit of gas pressure in low temperature 
regions which should be balanced by the increase of magnetic pressure, and so, the 
increase of magnetic field strength. The magnetostatic equilibriur n along field lines 
also fa vors dark regions with large field strengths as argued by, e.g. 
J200lh . 



Sanchez Almeida 



9. The stable su nspots are surrounded by a large annular convection cell called moat 
(ISheeleylll972l ). The moat presents an outfiow which, contrarily to the commonly held 
opinion, has both radial and tangential velocities (Title 2003, private communication; 



Bonet et al.ll2005l ). The tangential component is well organized so that it sweeps the 



tive rolls by 


DanielsonI 


Bovelet & Wiehi 


( 


2003) 



with the rolls in Fig. 9a of I Garcia de la Rosal (119871 ). 



10. Actually, theoretical arguments indicate that the convective roll pattern seem s to be the 
prefe r red mode of magneto -convection for nearly horizontal magnetic fields (jPanielson 



196ll : iHurlburt et al.ll2000l ). The rolls have their axes along the magnetic field lines. 



11. The magnetic field lines can be dragged by the downdrafts of the granulation . Term ed 
as flux pumping mechanism, this drag is modeled and studied by lWeiss et al.l (12004 ) to 
show that the vigorous sinking plumes of the granulation and mesogranulation easily 
pumps down magnetic fiuxtubes outside the penumbra. It is conceivable that the same 
pumping by sinking plasma also operates in the magnetized penumbra. It would tend 
to sink down cool plasma. 

12. The polarization of the spectral lines emerging from any sunspot has asymmetries, 
i.e., they have to be produced in atmosphe r es with several velocitie s and magnetic 



fields per resolution element (IBumbal Il960l : iGrigorjev &: Katzl 1 19721 : iGolovkol Il974 
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Sanchez Almeida fc Litea Il992l ). The spatial resolution of the spectro-polarimetric 
observations is seldom better than l"or 725 km. However, the unresolved structure 
producing asymmetries has to be smaller than this size. The spectral lines create net 
circular polarization (NCP), i.e., the asymmetry of the Stokes V profiles is such that 
the integrated circular polarization of any spectral line is not zero. NCP can only be 
produced by gradients along the line-of-sight and, therefore, within a range of heights 
smaller that the region where the lines are forme d (say, 150 krn ) . Th e NCP follows 
several general rules found by lUing et al. ( 1974al Jbl) and Makita ( 1986 ). and summa- 
rized in Sanchez Almeida fc LitesI ( 19921 . § 4); it has the sign of the sunspot polarity 
and the maximum occurs at the limb-side penumbra whe re the Stokes V profiles are 
extrem ely asymmetric with three or more lobes. Recently, ISchlichenmaier fc CoUados 
( 2002 ) have found that the highly magnetic sensitive Fe I A15648 A line does not follow 
the general rules. 



13. ISchlichenmaier et al.l (119991 ) estimate the length of a bright filament produced by a hot 
fiow along a magnetic fiuxtube. It cools down as it radiates away and so, eventually, 
the plasma in the fiuxtube becomes dark and transparent. An isolated loop would 
have a bright head whose length / is approximately set by the cooling time of the 
emerging plasma tr. times the velocity of the mass fiow along the field lines U (e.g.. 



Schlichenmaier et al.lll999l ). 



I ~ Utc. (1) 

The cooling time depen ds on the d ia meter of the tube d, so that the thiner the tube the 
faster the cooling (e.g.. IStixlll99ll ). ISchlichenmaier et al.l (119991 ) work out the cooling 
time for a hot fiuxtube in a penumbral environment, and it turns out to be of the order 
of 

~ 30 s (rf/200 km)^■^ (2) 
For reasonable values of the Evershed fiow speed of the emergent plasma (U~ 5 km s~^). 



/ ~ 150 km (rf/200 km) 



1.5 



(3) 



Then the aspect ratio of the hot footpoint (i.e., the ratio between the length and the 
width) is weakly dependent on the diameter, i.e.. 



l/d ~ 0.8 {d/200 km) 



0.5 



(4) 



Such aspect ratio does not represent a filament. Filaments must have l/d » 1, 
consequently, the cooling of hot plasma moving along field lines does not give rise to 
the kind of narrow observed filaments (see Fig. [1]). We are forced to conclude that 
the penumbral filaments cannot be tracing individual fiuxtubes. If arrays of fiuxtubes 
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form the filaments, they must be arranged with their cold and hot footpoints aligned 
to form the observed structures. 



14. The sunspots seem to have upward motions in the inner penumbra and downward 



motions in the outer penumbra (e.g. iRiramek Il995l : ISchhchenmaier &: Schmidtl 12000 



Bellot Rubio et aLll2003l : iTritschler et aLll2004j ). However, this velocity pattern is in- 



Bumba 


1960; 


Wiehr 


1995) 



3. Scenario for the small-scale structure of the penumbra 

The penumbra may be made out of short narrow shallow magnetic loops which often 
return to the sub-photosphere within the sunspot boundary (Fig. H]). One of the footpoints 
is hotter than the other (Fig. The matter emerges in the hot foot point, radiates away, 
cools down, and returns through the cold foot point. The ascending plasma is hot, dense, 
and slowly moving. The descending plasma is cold, tenuous, and fast moving. The motions 
along magnetic field lines are driven by magnetic field strength differences between the two 
footpoints, as required by the siphon flow mechanism. 

In addition to the large velocities along field lines, the cold footpoint sinks down while 
the hot footpoint rises. This produces a backward and sideways displacement of the visible 
part of the loop (see Fig. E]). The sink of the cold leg could be induced by the drag of 
downfiowing plumes or downfiowing sheets existing in the observed dark cores (Fig. [2]). 
The non-magnetic downfiowing plumes can pump down magnetic fields lines as modeled by 



Weiss et al.l (120041 ). We are proposing a magnetically modified version of this mechanism. 



As it happens with the non-magnetic convection, upfiows are indire ctly driven through mass 



conservatio n by displacing warm material around the downdrafts (IStein fc Nordlundlll998 



Rastll2003l ). The uprising hot material tends to emerge next to the downfiows. 



The properties of the loops (length, width, speed, and so on) should change depending 
on the position on the penumbra, but they would tend to be narrow and so optically-thin 
across field lines. Since they are optically-thin, one does not detect individual loops but 
assembles of them interleaved along the line-of- sight. The cold l egs of many different loops 



should be identified with the dark cores found by lScharmer et al.l (120021 ): compare Figs. [2]and 
[5l The upfiows of many loops account for be bright penumbral filaments. In this scenario, 
magnetic field lines are not exactly aligned with the penumbral bright and dark filaments 
but the field lines diverge from the bright filaments and converge toward the dark filaments. 
The mean field is radial, though. This arrangement occurs in a scale not yet resolved by the 
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Fig. 4. — Cartoon sketching the scenario for the penumbral magnetic field topology put 
forward in the paper. Magnetic field lines, represented as solid lines with arrow heads, return 
to the sub-photosphere in the entire penumbra. The symbol Tc stands for the continuum 
opacity so that the thick solid line marked as Tc = 1 represents the base of the photosphere. 



- 12 - 



Upflow 




Downflow 
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Bright Filament 



Fig. 5. — A view from the top of a small portion of penumbra (see the scale on the left 
hand side of the cartoon). Small loops like the one on top of the figure are averaged in our 
resolution element (the rectangle). They are so thin that various loops overlap along the 
line-of-sight. The loops are arranged with the downflowing footpoints aligned forming a dark 
core. The hot upflows feeding a dark core give rise to two bright filaments. The Evershed 
flow is directed along the field lines toward the right. 
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(a) View from the side 




(b) View from the top 




Fig. 6. — Cartoon showing the time evolution of a single field line with time ti < ^2 < ^3 
(the thin solid lines), (a) View from the side, with the vertical direction pointing upward. 
The thick solid line corresponds to base of the photosphere (continuum opacity equals one). 
The Evershed fiow is directed to the right. The thick arrows represent a parcel of fluid with 
the tip pointing in the direction of the plasma motion, (b) View from the top of the same 
three instants. (Compare with Fig. [5], showing many field lines at a given time.) It only 
shows the fiuid parcel at t2 since it remains below the photosphere at ti and ^3. 
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present spectro-polarimetric observations. 

According to our scenario, bright filaments are associated with fields having the polarity 
of the sunspot, mild upflows, low field strengths, and they are opaqu^. On the contrary, 
dark filaments are associated with fields whose polarity is opposite to the sunspot, have 
intense fiows, high field strength, and they are more transparent than the bright filaments. 



4. Qualitative comparison with observations 

The scenario described in § [3] seems to fit in the observations in § [2] plus the return of 
magnetic fiux and mass fiow in SA05. This section points out why. The items mentioned 
along the text refer to those numbered in § [2j 

The model penumbra is covered by narrow loops whose length is typically smaller than 
the penumbral size (Fig. H]) and whose widths are not spatially resolved, in agreement with 
item 7^ [U Consequently, magnetic field lines emerge and return to the sub-photosphere 
over the entire penumbra, as inferred in SA05. The loops have a hot footpoint with upward 
motion and a cold footpoint with downward motion, in agreement with the local correlation 
between brightness and upward velocity observed in penumbrae (item #[3]). The downfiows 
are expected to be faster than the upfiows since they are accelerated by the magnetic field 
difference between the two footpoints, an image that also fits in well the observations showing 
the largest velocities to be associated with the dark penumbral components (item 7^ [7]) and 
with the strongest magnetic field strengths (SA05; item ^M>- 



We identify the dark cores found by lScharmer et al.l (|2002| . item #[2]) with cold footpoints 



of many loops, as sketched in Fig. [51 They trace downdrafts engulfing the cold footpoints 
of the loops (item 7^ [TTl) . The bright filaments around the dark cores would be naturally 
explained by the presence of the downfiows, as it happens with the enhanced brightness at 
the borders of the granules in non-magnetic convection. When the downdrafts reach sub- 
photospheric depths, they displace hot material next to them. This hot material tends to rise 
to satisfy rnass conservation, and it produc es an upfiow of hot material around the downdrafts 



(jRastlll995l . l2003l : IStein fc Nordlundlll998l ). The same mechanism would produce the uprise 
of hot (magnetized) material around the cores, forming two bright filaments outlining each 
dark core (item 7^ [21 Fig. [21). The hot magnetized material would eventually cool down 
and sink into the downdraft to re-start the process. In other words, a dark core would be 
the downdraft of two paired convective rolls, resembling the convective rolls proposed by 



''They are both dense and hot, two factors that augment the opacity of a structure. 
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Danielson (item #[9]). In this case, however, the plasma also has a large velocity component 
along the field lines. Note that this hypothetical convective rolls reproduce the expected 
mode of convective transport in highly inclined magnetic fields (item # [TUl) . Moreover, 
a pattern of motions similar to these convective rolls occurs in the moat surrounding the 
sunspot (item #[9]), and it is conceivable that it continues within the sunspot. Light bridges 
like that in Fig. [3] would be a scaled up version of the doubly convective rolls that we are 
proposing as building blocks for the penumbral structure (item 7^ [5]). They have a dark lane 
surrounded by two chains of bright points forming filaments. This distribution matches the 
cartoon in Fig. [51 

The magnetic field lines of the loops converge toward the dark lanes (Fig. [5]), which would 
demand an increase of the magnetic field strength in the cores. This is indeed consistent 
with our scenario, and it would be responsible for the gas pressure difference driving the 
Evershed fiow along the field lines (see above). 

The existence of small scale convective upfiows and downfiows in penumbra does not 
contradict the systematic upward motions in the inner penumbra and downward motions in 
the outer penumbra found by various authors (see item Most techniques employed 

so far assume uniform velocities in the resolution element. When spatially unresolved up- 
fiows and downfiows are interpreted as a single resolved component, the measured velocity 
corresponds to an ill-defined mean of the actual velocities. The contribution of upfiows and 
downfiows to the mean is not proportional to the mass going up and down. It depends on 
the physical properties of the upfiows and downfiows, as well as on the method employed to 
measure. The mean vertical fiux of mass inferred by SA05 is null. However, the average is 
biased so that if shows net upfiows in the inner penumbra and net downfiows in the outer 
penumbra, in agreement with existing observation^. 

This scenario with overlaying loops with various velocities and inclinations satisfies the 
rules of the net circular polarization described in item #[121 as worked out by SA05. 

The bright filaments are more opaque than the dark cores, and they tend to block the 
cores when the filaments are observed from a side. This depression of the dark cores explains 
why penumbrae are slightly darker in the line along the radial direction from the solar disk 
center (item #[!]). 

The length of the bright filaments is not set by the cooling time of individual fiuxtubes, 
which avoids the difficulty posed in item # [131 It is given by the length of the dark core. 



^The effect is similar to the convective blueshift of the spectral lines formed in the granulation, which 
does not imply a net uplifting of the quiet photosphere. 
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i.e., the length of a sheet-hke downdraft or the length of a radially oriented chain of many 
small downdrafts. 



4.1. Does the model carry enough energy to account for the penumbral 

radiative flux? 



The radiative flux emanat ing from a penumbra F is some 75% of the solar flux (e.g. 
Schlichenmaier fc Solankill2003l ). which corresponds to 



F ~ 5 X 10^° erg cm 



-2 s-^ 



(5) 



The need to balance this los s with energy transported by convecti ve motions sets the typical 
convective velocity (e.g., 



SpruitI 119871 : IStein fc Nordlundlll998h : 

F = U^pae, 



(6) 



with p the density, a fraction of atmospheric volume occupied by upward motions and e the 
energy per unit mass to be radiated away. Using typical values. 



Uz — l km s ^[ 



P 



a 



2 X 10-7 g cm-3 3 X 10^2 erg g^i 0.7' 



(7) 



The density and occupation f raction are representative of the upflows in the inversion by 
SA05, whereas e is taken from Schlichenmaier fc Solanki f 200 3)R. If the transport of energy 
in penumbrae is due to convective motions, then there should be a sizeable vertical velocity 
of hot plasma over the entire penumbra, as indicated by equation ([7]). Unfortunately, the 
vertical velocities for the upward moving component in SA05 are one order of magnitude 
smaller than the speed in equation ([7j). (The same happens with the vertical velocities 
discussed in item # Ei) 

The above back-of-the-envelop estimate shows that the upflows and downflows in SA05 
do not transport enough mass to account for the penumbral radiative los^. A possible way 



^Most of the convective energy is transported as ionization energy of H ions (see, IStein fc Nordlund 

19981 ). Consequently, e cannot be much larger that the value adopted above. A maximum is set by the 



energy corresponding to one recombination event per existing H particle, i.e., the H ionization potential 
divided by the mass per H particle, which equals some 10^'^ erg g~^. 

7 Actually this discrepancy betw een required and observed velocities was used to discard t he transport of 



energy by convection in penumbrae (|Spruitlll987l ). leading to the concept of shallow penumbra (jSchmidt et al 
1986h . 
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out would be the existence of a bias that underestimates the true velocities. This bias is to 
be expected in measurements which do not distinguish between unresolved component, e.g., 
those leading to the results discussed in item #[I1] (see Appendix . The reason for a bias 
in SA05 is more uncertain, but could be due to a misinterpretation of bulk upward and and 
downward motions as turbulent motions. Actually, micro-turbulence in excess of 1 km is 
not uncommon in SA05. 

If this bias is present, the observed vertical velocities in sunspots must increase upon 
improvement of the angular resolution, a conjecture that can be tested with instrumentation 
now available. Keep in mind, however, that the true velocity signal would be severely damped 
unless the velocity pattern is spatially resolved (Appendix |A]) . If the scenario advocated in 
the paper turns out to be correct, the detection of sizeable upflows and downflows requires 
a spatial resol ution comparabl e with the size of the bright penumbral filaments with dark 



cores found by IScharmer et al.l (120021 ) . 



4.2. Why does the low-density plasma of the cold footpoints sink rather than 

float? 

We have been arguing by analogy with the non-magnetic convection, where the (nega- 
tive) buoyancy forces in the intergranular lanes are the driving force. The plasma tends to 
sink down due to its reduced density as compared to the hot upwelling plasma. The scenario 
for the penumbral convection discussed above does not reproduce this particular aspect of 
the granular convection. The descending footpoint has reduced density as compared to the 
upflowing footpoint. The density in the descending leg is lower than in the ascending leg, 
and one may think that the descending plasma is buoyant. However, the density of the cold 
leg has to be compared to the local density in the downdraft, which can easily be larger than 
the downdraft density. Recall that the downdrafts have low temperature and high magnetic 
field strengths, two in gredients that naturally produce low densities in a magneto-hydrostatic 



equilibrium (see, e.g.. ISanchez Almeidall200ll ) 



4.3. Why are the dark cores radially oriented? 

According to our conjecture, the dark cores or penumbral lanes are not tracing indi- 
vidual field lines. They are faults in the global structure of the sunspot where downflow 
motions are easier. Such discontinuities of the global magnetic structure would be favored 
if they are aligned with the mean magnetic field, as it happen with the interchange instabil- 
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ities, which have an old traditi o n in the sunspot litera ture (jParkerl 1 19751 : iMeyer et al.l 119771 : 



Moreno-Insertis fc SpruitI Il989l : iJahn fc Schmidtl Il994j ) . The dark cores would be oriented 



along the direction of the mean penumbral magnetic field. 



5. Qualitative comparison v^^ith models 



The scenario that we have assembled owes much of its properties to various model for 
the penumbral structure and the Evershed effect existing in the literature. 



The model that emerges is very much like the return flux model of lOsherovichI (119821 ) . 
where the fleld lines forming umbra and penumbra differ because the former are open whereas 
the latter return to the photosphere. The penumbral fleld lines are forced to return to the 
photosphere due to the expansion of the umbral flelds. The return flux is included in our 
scenario, except that the return of penumbral fleld -lines occurs throughout the penumbra, 
rather than outside the sunspot border. 



The siphon flow model for the Evershed effect by iMeyer fc Schmidtl (119681 ) precedes all 
further modeling that assume several magnetic components with differen t magnetic flelds and 
velocities coexisting in the penumbra. Quoting lMeyer fc Schmidtl (119681 ) . ... in the penumbra 
we have two different sets of magnetic flux tubes side by side. A small fraction are elements 
lying very low in the solar atmosphere and presumably starting with very small inclination 
angles. The larger fraction carrying most of the observed magnetic flux reaches up high into 
the atmosphere and would display no flow velocity at all. The flows are accelerated by gas 
pressure differences between the penumbra and magnetic concentrations outside the sunspot . 
In the latest version of the model (IThomas fc Montesinoslll993l : lMontesinos fc Thomas!! 19971 ). 
the loops are fairly high (200-350 km above Tc = 1) and short (less than 1.5 Mm), and some 
returns within the penumbral boundary. The loops require an external force that keeps the 
two foot points anchored to sustain the equilibrium of the arch. This force has been recently 
attributed to the drag of downflowing p lumes in the granular convection outside the sunspot 
( IThomas et al.l 12002! : IWeiss et al.l 12004! ). In our scenario the magnetic fleld aligned flows are 
also siphon flows. The length of the loops is also small so that descending footpoints are 
often in the penumbrae. The difference of magnetic fleld between the hot and cold penumbral 
components drives the Evershed flow. Our scenario includes (slow) motions across fleld lines 
from the hot to the cold penumbral fllaments. The downflowing footpoints are continuously 
pumped down by the drag of magnetic downdrafts within the penumbra, rather than outside 
the sunspot. 



To the best of our knowledge, interchange convection was put forward as a mechanism 
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of energy transport by ISchmidtl (Il99ll ) and iJahn fc Schmidtl (Il994l ) . The transfer is pro- 
duce by uplifting hot fluxtubes from the magnetopausj^ t o the photospher e, where they cool 



down releasing energ\ 


\ It has 


( Schlichenmaier et al. 


1998Jbl 



tubes is due to a convective instability (hot and so lightweight fluxtubes tend to rise). In 
our case, however, the presence of vigorous downdrafts and the conservation of mass force 
hot material to rise next to the downdraft, producing bright filaments surrounding the dark 
cores. As far as the similarities with the interchange convection is concerned, we also have 
strong flows along fleld lines, with the mass cooling down as it radiates away. The differ- 
ences being the length of the arches (shorter in our scenario), and the submergence of the 
cold footpoint, which does return to the solar sub-photosp here in the penumbra . (These 
differences are not so obvious for the sea-serpent fluxtube in Schlichenmaier 2OO2I .) 



Again some of the aspects of our scenario are similar to the convective rolls discussed by 
Danielsoru (119611 ). In our case, however, we have strong motions along field lines. Moreover, 
it is not clear whether t he submer ging footpoint will return to the photosphere in a cyclic 
motions like the original iDa nielson's rolls. It may be closer to the paradigm in non- magnetic 



convection (jStein fc Nordlundil998i ). which is highly non-local with strong downdrafts con- 
necting many different pressure scale heights, and where only a small fraction of the rising 
hot material actually reaches the photosphere. The degree of similarity would be established 
only when a realistic numerical MHD modeling of the process is available. 



6. Conclusions and empirical tests 

We describe a penumbral magnetic field formed by short magnetic loops most of which 
return to the sub-photosphere within the sunspot boundar}{^ (Fig. Hj). Matter fiowing along 
magnetic field lines would give rise to the Evershed effect. This flow along fleld lines would 
also be responsible for the convective transport of heat in penumbrae. Cold downflows of 
many loops are aligned in a sort of lane of downdrafts whose observational counterpart 
would be the dark cores in penumbral filaments found by Scharmer et al. (2002). To some 
extent, the scenario resembles the convective rolls put forward by Danielson some 40 years 
ago, except that (a) the mass also fiows along field lines, and (b) the m ass may not re- 
emerge after submergence. It is also akin to the interchange convection (e.g. [Schlichenmaier 



^ Boundary layer that separates the sunspot from the non-magnetic surrounding, and stays below the 
observable layers. 

^Open field lines are also needed to account for the large scale structure of the sunspot magnetic fields. 



- 20 - 



20021 ). where flows along field lines transport heat from below and give rise to the Evershed 
effect phenomena. In our case, however, the uprise of the hot tubes is induced by the 
presence of downdrafts an d the need to satisfy mass conservation (as in the non-magnetic 



granular convection, e.g., iRastI l2003l ). This downdrafts pump down the cool footpoints 



of the loo ps as numerical m odels have shown to occur with the downdrafts outside the 
penumbra (IWeiss et al.ll2004r). Fina l ly, our scenario also owes som e properties to the siphon 
flow model (IMeyer fc Schmidtlll968l : iThomas fc Montesinoslll993l ). A gas pressure difference 
between the loop footpoints drives the flows, but this difference is set by the magnetic 
field strength difference between the hot and the cold penumbral fibrils, rather than from 
differences between the penumbra and magnetic concentrations around the sunspot. 

This scenario seems to be compatible with most observations existing in the literature, 
in particular, the ubiquitous downflows and the return of magnetic flux found by SA05 (see 
§ H]). However, a difficulty remains. The upflows and downflows found by SA05 are not fast 
enough to transport the flux of radiation emanating from penumbrae (§ 14. ip . A way out 
would be a bias in the observations. Insufficient spatial resolution leads to the cancellation 
of upflows and downflows and provides only a small residual (§[2]). Fortunately, the presence 
of sizeable upflows and downflows in the penumbra is a conjecture that can be tested. Large 
upflows and downflows must show up upon improving of the angular resolution. Several 
specific tests which will allow to confirm or falsify our scenario are: 



Diffraction limited high resolution spectroscopy with 1-meter class telescopes must 
show a correlation between brightness and velocity. The sign of the correlation cannot 
change from the center-side penumbra to the limb-side penumbra. (This correlation is 
actually observed; see item #[3] in §|5J Increasing the angular resolution would increase 
the amplitude of the flows up to a velocity of the order of 1 km s~^; § 14.11 ) 



The molecular spectra trace the cold penumbral component (e.g. iPenn et al.l l2003l ) . 
They should show a global downflow of the order of 1 km s^^, no matter the angular 
resolution of the observation. 

High angular resolution longitudinal magnetograms in sunspots close to the solar disk 
center should show both positive and negative polarities. In particular, the dark cores 
are associated with magnetic field lines returning to the sub-photosphere and, therefore, 
they should have a polarity opposite to the umbra. 



Local correlation tracking techniques (INovember fc SimonI Il988l ) applied to series of 
penumbral images should reveal bright features moving toward dark filaments. Such 
motion is masked by the tendency of the bright plasma to become dark and transparent 
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as it approaches a dark core. A global trend is to be ex pected, though. Such trend 
seems to be present in high resolution penumbral images (IMarquez et al.ll2005l ). 



Most of the penumbra observed by IScharmer et al.l (120021 ) does not show obvious dark 
cores (e.g., Fig.[T]), which implies that many cores are probably not spatially resolved with the 
present angular resolution. The observed ones represent large and lonely specimens among 
the family of penumbral downdrafts. Resolving the smallest ones is not only a question of 
improving the angular resolution. They are probably close to the optically-thin limit, where 
the radiative transfer smearing modulates and reduces the contrast between hot upflows and 
cold downflows. We conjecture that the light bridges (LB) are scaled up versions of the 
basic building blocks forming the penumbral structures (two paired convective rolls sharing 
a single downdraft; § |3]). The magnetic micro-structure may be larger in these LBs since 
the presence of aligned bright points and dark lanes is not so elusive as the dark cores in 
penumbral filaments (Fig. [3]). If the LB magnetic structure is larger, the observations to 
falsify our penumbral scenario may be simpler to try with LBs and so, they represent an 
ideal target for a first trial. 



In a paper for non-specialists, iPriestI (l2003l ) speculates Are the bright filaments doubly 
convective rolls with a dark core that are cooling and sinking? This question seems to advance 
the scenario advocated here. Our paper took form during a short visit paid to the observatory 
of Meudon, France, thanks to the kind invitation of C. Briand. Images in Figs. [H [2], and 
E] have been generously provided by the Institute for Solar Physics of the Royal Swedish 
Academy of Sciences. They were obtained with the Swedish Vacuum Solar Telescope (SVST) 
and the Swedish Solar Telescope (SST) operated in the Spanish Observatorio del Roque de 
Los Muchachos (La Palma). Thanks are due J. A. Bonet and I. Marquez for discussions on 
some of the ideas presented in the paper, in particular, the local correlation tracking test in 
§ [6l The work has partly been funded by the Spanish Ministry of Science and Technology, 
project AYA2004-05792, as well as by the EC contract HPRN-CT-2002-00313 
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A. Reduction of velocity signals due to insufficient spatial resolution 

Assume the true vertical velocities to have a sinusoidal pattern with a period 

U,(x,y) = U,(x) = C/,osin(27rx/0. (Al) 

The symbols x and y stand for the two spatial coordinates, with y along the filaments where 
Uz is approximately constant. The observational procedure limits the resolution as given by 
a point spread function (PSF) P{x,y), 



/OO poo 
/ P{x' -x,y' -y)Uz{x' 
-oo J —oo 



)dx'dy', 



(A2) 



with < Uz{x) > the observed vertical velocity. We assume P to be a Gaussian function. 



P{x,y) 



41n2 



exp 



4 In 2 



(A3) 



with full width half maximum L. Then the damping of the true signals due to this PSF is 



< Uz{x, y) > /Uz{x, y) = exp - 



4 In 2 /2 



or 



< Uz{x) > /Uz{x) 



4.1x10-^ 

2.8 X 10-2 if L = Z, 
3.3 X 10-^ if L = 31/2. 



(A4) 



(A5) 



This preprint was prepared with the A AS macros v5.2. 
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The case I = L corresponds to an observation with 0'/25 spatial res olution if the velocities 



follow the pattern of penumbral filaments with dark cores found by IScharmer et al.l (12002 
/ ~ 180 km). 



